Background
==========

Dihydroartemisinin (DHA) is the main active metabolite of the Chinese traditional herb medicine-Artemisinin, which is a chemical compound isolated from the plant of *Artemisia annua L*. \[[@b1-medscimonit-25-3804],[@b2-medscimonit-25-3804]\]. With the typical structure of a sesquiterpenoid lactone, DHA has been studied to develop its biological potential in bench work and clinical trials \[[@b3-medscimonit-25-3804]\]. Therapies based on artemisinin are the best treatments for malaria \[[@b4-medscimonit-25-3804],[@b5-medscimonit-25-3804]\]. Previous reports have shown that artemisinin and its derivatives are promising natural products to induce apoptosis in hepatocarcinoma cells by regulating the Bim-mediated intrinsic signaling pathway \[[@b6-medscimonit-25-3804]\], in human breast cancer MCF-7 cells by arresting the cell cycle at the G1 phase \[[@b7-medscimonit-25-3804]\], in human glioblastoma LN-229 cells by enhancing oxidative DNA damage through the ATM/ATR damage response \[[@b8-medscimonit-25-3804]\], and in non-small cell lung cancer A549 cells by increasing reactive oxygen species (ROS) via caspase 3, caspase-9, and Bcl-xL \[[@b9-medscimonit-25-3804]\]. In addition, artemisinin is able to mitigate amyloidogenesis and neuroinflammation via inhibition of nuclear factor-κB (NF-κB) and NLR family pyrin domain containing 3 (NLRP3) inflammasome activation \[[@b10-medscimonit-25-3804]\], and activate natural killer (NK) cells for tumor killing in K562 cells \[[@b11-medscimonit-25-3804]\]. A derivative of artemisinin, SM933, exhibits anti-inflammatory properties by inhibiting encephalitogenic T cell responses and reducing the production of nitric oxide \[[@b12-medscimonit-25-3804]\]. Artemisinin relieves the severity of inflammation in caerulein-induced acute pancreatitis \[[@b13-medscimonit-25-3804]\] and attenuates lipopolysaccharide-induced inflammatory responses by blocking the NF-κB pathway in microglia and in phorbol 12-myristate 13-acetate (PMA)-stimulated THP-1 monocytes \[[@b14-medscimonit-25-3804],[@b15-medscimonit-25-3804]\]. The anti-tumor and inflammation function of artemisinin has been enormously investigated, while its function in airway inflammation inhibition is still unclear.

Allergic asthma is one of the most notorious airway inflammatory disorders, which is characterized by reversible and recurrent airway obstruction accompanied with airway inflammation, mucus hypersecretion, and airway hyper-responsiveness (AHR) \[[@b16-medscimonit-25-3804]\]. Cumulative clinical and experimental evidence reveal that typical inflammatory responses are regulated by the dynamic Th1/Th2 (T helper) and Th17/Treg (T regulatory) cell balance \[[@b17-medscimonit-25-3804]\]. In some pathogenic systems, the fraction of Th1/Th2 or Th17/Treg may dominate the process, and thus may play a pivotal role in the contribution to the pathogenesis of asthma \[[@b18-medscimonit-25-3804],[@b19-medscimonit-25-3804]\]. Recent advances on Th17 cells have shed light on the mechanisms that are important in lowering the immunoreactivity in asthma \[[@b20-medscimonit-25-3804]--[@b22-medscimonit-25-3804]\]. Upstream expression of interleukin-6 (IL-6) and IL-23 activates the signal transducer and activator of transcription 3 (Stat3), and thus induces the transcription of the steroid receptor type nuclear receptor (RORγt) to promote the differentiation of Th17 cells \[[@b23-medscimonit-25-3804]\]. Transcriptional factors in the forkhead box O (Foxo) family are involved in multiple cellular responses, especially in the immune system \[[@b24-medscimonit-25-3804]\]. Foxo transcription factors enhance the expression of the *Foxp3* gene and thus promote the induction of Treg cells \[[@b25-medscimonit-25-3804]\]. Foxo1 inhibits the generation of follicular T helper cells and IL-17A excretion from memory T cells \[[@b26-medscimonit-25-3804],[@b27-medscimonit-25-3804]\]. High doses of IL-6 in naïve T cells, together with transforming growth factor beta (TGF-β), reciprocally inhibit the activity of FoxP3 and enhance Th17 differentiation \[[@b28-medscimonit-25-3804]\]. The activated Th17 cells secrete many inflammatory cytokines, such as IL-17A, IL-17F, IL-21, and IL-22. The combined cytokines result in the excretion of IL-1β, IL-6, IL-8, TNF, IFNγ, granulocyte macrophage colony-stimulating factor (GM-CSF), and several chemokines \[[@b29-medscimonit-25-3804]--[@b31-medscimonit-25-3804]\].

In addition to the interleukins and transcription factors, a large number of biological molecules have been reported in regulating the differentiation and function of Th cells. MicroRNAs (miRNAs) are a class of small, noncoding and regulatory RNAs that post-transcriptionally downregulate gene expression \[[@b32-medscimonit-25-3804]\]. Published studies have verified the vital role of certain miRNAs in Th cell differentiation and function and in airway immune responses \[[@b33-medscimonit-25-3804]\]. The miR183-96-182 cluster (miR-183C) contains 3 members, miR-183, miR-96, and miR-182, which are located in the intergenic region within 4413 bp on human chromosome 7q32.2 and are transcribed in the same direction with independent promoters. The expression of miR-183C is coordinated and involved in physiology and pathology, especially in tumor and syndromic retinal degeneration \[[@b34-medscimonit-25-3804],[@b35-medscimonit-25-3804]\]. However, the synergic functions on asthmatic immune responses are still not well elucidated.

Here, we show that DHA ameliorates the pathology in the OVA-induced mouse model and inhibits the fraction of pathogenic Th17 cells. Furthermore, miR-183C may negatively regulate the transcriptional ability of Foxo1. Collectively, our results demonstrate a critical role for DHA and miR-183C in OVA-induced asthma.

Material and Methods
====================

Animals and treatments
----------------------

Female BALB/c mice aged 5 weeks were purchased from the Laboratory Animal Center of Nantong University. The mice were housed and treated under pathogen free conditions. Animal care and experimental protocols were approved by the Animal Welfare Committee of Nantong University (20180312-001). Mice were randomly separated into 3 groups and received different challenges. In the control group (Control), the mice were immunized and challenged by phosphate-buffered saline (PBS) alone. In the asthmatic model group (Model), the mice were immunized and challenged by ovalbumin (OVA) (Sigma Aldrich, USA). In the dihydroartemisinin treated group (DHA), the mice were immunized and challenged by OVA followed by DHA treatment.

The mice were sensitized with emulsified 200 μL PBS solution containing 20 μg of OVA and 2 mg of aluminum hydroxide (Thermo Fisher Scientific, USA) by intraperitoneal injection on day 1 and day 14. The mice then underwent 5% OVA inhalation for 25 minutes once a day from day 21 to 49.

The mice were euthanized 24 hours after the final challenge, followed by collecting serum and bronchoalveolar lavage fluid (BALF), and the lungs and spleens for subsequent analysis.

DHA administration
------------------

DHA (Cat No: D831931, CAS: 71939-50-9, Formula=C15H24O5, MW=235.84, purity over 98%, density=1.24 g/cm^3^) is the active metabolite of artemisinin compounds and was bought from MACKLIN company. The compound was dissolved in dimethyl sulfoxide (DMSO) and diluted with PBS. DHA (50 mg/kg, intraperitoneal injection) was administrated 1 day before booster immunization. The mice were injected once a day and 2 days in a row, then rested for 1 day. In general, the mice were injected 5 times per week to assess the preventive effects of DHA on asthma.

Histological analysis
---------------------

The mice were perfused by saline followed by 4% paraformaldehyde (PFA), and the lungs were dissected and soaked in 4% PFA overnight at 4°C. The tissues underwent gradient dehydration with 30%, 50%, 70%, 80%, 90%, 95%,%100, and 100% ethanol for 1 hour each. After immersing in xylene for 30 minutes twice to make the tissues transparent, the tissues were placed in wax for 2 hours twice and then were embedded for preparing 5 μm sections. After dewaxing and rehydration, the slides were stained in Harris hematoxylin solution and eosin solution. Peribronchial inflammatory infiltration was assessed and graded semi-quantitatively using lung inflammatory scores \[[@b36-medscimonit-25-3804]\]. The pictures were taken by an Olympus DP71 microscope and then processed by ImageJ software.

Lung function evaluation and collection of bronchoalveolar lavage
-----------------------------------------------------------------

The mice were anesthetized (pentobarbital sodium, 70 mg/kg intraperitoneal) and fastened on a hot pad for airway hyper-responsiveness (AHR) detection as previously described \[[@b37-medscimonit-25-3804],[@b38-medscimonit-25-3804]\]. The mice were tracheostomized with 18G cannula ventilator (RWD Inc., Shenzhen, China) and the tidal volume of 0.2 mL was set with a positive end-expiratory pressure of 5 cmH~2~O. The ratio of inspiratory time/expiratory time was 1: 2. Mice were then administrated increasing concentrations of methacholine (MCh) (3.125, 6.25, 12.5, 25, and 50 mg/mL) by a body plethysmograph (Buxco Electronics, Inc., Wilmington, NC, USA). Data were presented as airway resistance (RI) and dynamic compliance (Cdyn).

After determining the AHR, the lungs and bronchia were lavaged by gentle flushing with 1 mL PBS containing 1 mM EDTA through syringe for 3 times. BALF cells were isolated by centrifugation at 1200 rpm for 5 minutes, and then were stained with Diff-Quik and Wright Giemsa (Solarbio Inc., Beijing, China). Five views on each slide were counted with a light microscope. In addition, the BALF cell supernatant was harvested and stored at −80°C for subsequent enzyme-linked immunosorbent assay (ELISA) analysis.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The concentration of inflammatory cytokines (IL-17, IL-10, IL-1β, and TNFα) and Th17 cytokines (IFN-γ, IL-17F, IL-17A, IL-22, IL-10, Il-21, and GM-CSF) in BALF were measured with ELISA kits based on the instructions of the manufacturers. ELISA kits were supplied by BD Biosciences, R&D Systems, and Abcam.

Flow cytometry analysis
-----------------------

Flow cytometry analysis was used to check the ratio of CD4^+^IL-17^+^ cells. Cells were harvested by centrifugation from BALF and then fixed. After staining with an anti-CD4-PE mAb (eBioscience, USA) the cells were permeabilized and stained with anti-IL-17-APC mAb (eBioscience, USA) Data were acquired through BD FACSCalibur and were analyzed with CellQuest.

Western blot analysis
---------------------

Lungs were dissected out and washed with pre-cooled PBS twice and dried with an absorbent paper quickly, and then the tissues were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (Epizyme, Shanghai, China) containing the protein inhibitor cocktail and phosphatase inhibitor cocktail (Epizyme, Shanghai, China). Extracted protein was diluted to 1.5 μg/μL with loading buffer and boiled in a 100°C water bath for 10 minutes. The target proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA) in an ice bath electrophoresis trough. The membranes were blocked with 5% non-fat milk in tris-buffered saline with 1‰ Tween 20 (TBST) for 2 hours at room temperature. Primary antibodies (IL-6, total Stat3, Stat3-Tyr705, Foxo1, and GAPDH; Abcam, MA, USA) were diluted according to the guidance of the manufacturer in 5% bovine serum albumin (BSA) solution and incubated with the membranes overnight at 4°C. The unbundled antibodies were washed with TBST and then incubated with HRP-conjugated secondary anti-rabbit/mouse antibody (1: 100 000, Vazyme, Nanjing, China) for 2 hours at room temperature. The lanes were detected by a Bio-Rad image system with enhanced chemiluminescent western blotting substrate (Vazyme, Nanjing, China). Pictures were analyzed with ImageJ software, and the relative protein expression level was calculated using GAPDH as a control.

Real-time polymerase chain reaction (RT-PCR) analysis
-----------------------------------------------------

Total RNA from lung tissues was extracted with TRIzol reagent (Vazyme, China) lysis. For mRNA analysis, the cDNAs were synthesized with HiScript II QRT SuperMix for qPCR (+gDN A wiper) (Vazyme, China) from 1 μg RNA and analyzed with Stepone plus (Applied Biosystems, USA). The primers were obtained from Genescript Biotech (Nanjing, China) and checked for the specificity. GAPDH was used as the internal reference control. The following genes were checked with primers listed below:

1.  *Gapdh*, 5′-ACCACAGTCCATGCCATCAC-3′ and

2.  5′-TCCACCACCCTGTTGCTGTA-3′;

3.  *il6*, 5′-CCAAGAGATAAGCTGGAGTCACA-3′ and

4.  5′-CGCACTAGGTTTGCCGAGTA-3′;

5.  *il-10*, 5′-GGCGCTGTCATCGATTTCTC-3′ and

6.  5′-ATGGCCTTGTAGACACCTTGG-3′;

7.  *Tnf*α, 5′-AGGCACTCCCCCAAAAGATG-3′ and

8.  5′-CCAC TTGGTGGTTTGTGAGTG-3′;

9.  *stat3*, 5′-GTTGGAGCAGCATCTTCAGG-3′ and

10. 5′-GCATGTCTCCTTGGCTCTTG-3′;

11. *il17a*, 5′-CAGCAG CGATCATCCCTCAAAG-3′ and

12. 5′-CAGGACCAGGATCTCTTGCTG-3′;

13. *il17f*, 5′-CCCATGGGATTACAACATCACTC-3′ and

14. 5′-CACTGGGCCTCAGCGATC-3′;

15. *il22*, 5′-CATGCAGGAGGTGGTACCTT-3′ and

16. 5′CAGACGCAAGCATTTCTCAG-3′;

17. *il1r1*, 5′-AAGCTGACCCAGGATCAATG-3′ and

18. 5′-T GGTTGAAGGATGTTCCACA-3′;

19. *Rorc*, 5′-ACCTCCACTGCCAGCTGTGTGCTGTC-3′ and

20. 5′-TCATTTCTGCACTTCTGCATGTAGACTGTCCC-3′;

21. *Foxo1*, 5′-CGGGCTGGAAG AATTCAATTC-3′, and

22. 5′-AGTTCCTTCATTCTGCACTCGAA-3′.

The relative expression of the genes was normalized using GAPDH.

For miRNA analysis, cDNA was prepared with miRNA 1st Strand cDNA Synthesis Kit (Vazyme, China) and analyzed with 7500 Real-time PCR system and miRNA Universal SYBR qPC R Master Mix (Vazyme, China). The relative expression was normalized to a U6 snRNA control. The primer sequences were as follows:

1.  U6 snRNA, 5′-TGGCCCCTGCGCAAGGATG-3′;

2.  miR-183-5p, 5′-TATGGCACTGGTAGAATTCACT-3′;

3.  miR-182-5p, 5′-TTTGGCAATGG TAGAACTCACACCG-3′;

4.  miR-96-5p, 5′-TTTGGCACTAGCACATTTTTGCT-3′.

Luciferase assay
----------------

The BALB/c mice were sensitized with ovalbumin (OVA) and then used for OVA-primed splenocyte preparation according to the protocol as described previously \[[@b39-medscimonit-25-3804]\]. Briefly, 100 μg OVA and 1 mg aluminum in 0.25 mL saline was administrated by subcutaneous injection in BALB/c mice on day 0 and 14. The spleens of the mice were dissected and digested into single cell suspensions on day 15. The splenocytes were cultured in RPMI 1640 with penicillin and streptomycin and supplied with 5% heat-inactivated fetal bovine serum (FBS) in the incubator (37°C, 5% CO~2~). Splenocytes (5×10^6^ cells/mL) were seeded on 24-well plates and transfected with various molecules (mimic, miR-183C, 3′-UTR wild-type and mutant; Ribobio, China) with Lipofectamine 3000 (ThermoFisher, USA) based on the manufacture's instruction, or with DHA at a final concentration of 10 uM. The Firefly and Renilla luciferase activity were measured with a dual-luciferase reporter system (Promega, USA) at 24 hours after treatment. Data were collected and normalized to the activity of Renilla luciferase.

Statistical analysis
--------------------

All data were processed with Microsoft Excel 2016 and expressed as the mean ± standard error (SEM) for each group and analyzed using SPSS 19.0. The difference between groups were compared via non-parametric tests and one-way analysis of variance. *P*\<0.05 was considered as statistically significant.

Results
=======

The administration of DHA ameliorated the severity of OVA-induced asthma and improved lung function
---------------------------------------------------------------------------------------------------

In the present study, an OVA-induced asthmatic BALB/c mouse model was developed by OVA injection and inhalation. The body weight of the mice dropped drastically after the second injection of OVA and kept decreasing after the booster immunization until 11 weeks old. DHA treatment significantly increased body weight when compared with the OVA challenged group from 9 weeks old ([Figure 1A](#f1-medscimonit-25-3804){ref-type="fig"}). A large difference in body weight was observed between the model group and DHA group mice ([Figure 1A](#f1-medscimonit-25-3804){ref-type="fig"}). OVA inhalation led to a significant increase in the lung/body weight index compared to the control mice. DHA treatment significantly decreased the lung/body weight index ([Figure 1B](#f1-medscimonit-25-3804){ref-type="fig"}). OVA challenge significantly decreased the survival rate, but DHA reversed the reduction ([Figure 1C](#f1-medscimonit-25-3804){ref-type="fig"}). OVA stimulation significantly enhanced basophils, eosinophils, monocytes, neutrophils, lymphocytes, and the total cell counts in the BALF in the model group compared to the control group. While administration of DHA significantly reduced the elevated cell populations in the model group, the levels were still significantly higher when compared with the control group ([Figure 1D](#f1-medscimonit-25-3804){ref-type="fig"}).

To assess the role of DHA on lung function in the OVA-sensitized and challenged asthma model, the airway hyper-responsiveness of mice was checked under the stimulation of methacholine. The anesthetized mice were first challenged with PBS, then with an increasing concentration of methacholine of 3.125, 6.25, 12.5, 25, and 50 mg/mL. Significant differences were recorded in airway resistance (RI) and compliance between the control group and the model group mice ([Figure 1E, 1F](#f1-medscimonit-25-3804){ref-type="fig"}). In comparison with the model group, the DHA treated group showed marked reduction in the airway resistance at 6.25 to 50 mg/mL concentration of methacholine ([Figure 1E](#f1-medscimonit-25-3804){ref-type="fig"}), and in dynamic compliance (Cdyn) between 12.5 and 50 mg/mL concentrations ([Figure 1F](#f1-medscimonit-25-3804){ref-type="fig"}). In line with this observation, DHA alleviated the symptoms of the asthmatic mice and partially restored lung function.

DHA treatment decreased inflammation and Th17 cell response
-----------------------------------------------------------

The OVA-induced asthmatic mouse model showed enhanced histological inflammatory scores and exhibited typical pathological features with enormous inflammatory cell infiltration at multiple sites ([Figure 2A](#f2-medscimonit-25-3804){ref-type="fig"}). DHA treatment attenuated the peribronchial and perivascular inflammation in the lung tissue ([Figure 2A, 2B](#f2-medscimonit-25-3804){ref-type="fig"}). The mucus production indicated by Periodic acid--Schiff (PAS) staining was also significantly increased in OVA-stimulated mice, while the administration of DHA significantly decreased the PAS positive areas ([Figure 2C, 2D](#f2-medscimonit-25-3804){ref-type="fig"}). Th17 cells play an important pathogenic role in immune response and disease, local inflammation, and tissue destruction. OVA stimulation boosted the level of IL-17, IL-1β, and TNFα ([Figure 2E](#f2-medscimonit-25-3804){ref-type="fig"}). In addition, DHA interference significantly diminished the level of IL-17, IL-1β, and TNFα, ([Figure 2E](#f2-medscimonit-25-3804){ref-type="fig"}). To estimate the proportion of Th17 cells, the CD4 and IL-17 dual positive cells in BALF were checked by FACs and calculated ([Figure 2F](#f2-medscimonit-25-3804){ref-type="fig"}). OVA sensitization augmented the percentage of pathogenic cells, whereas DHA drastically decreased the ratio ([Figure 2G](#f2-medscimonit-25-3804){ref-type="fig"}). These results imply that DHA ameliorated the severity of asthma and may function via reduction of the Th17 cell response.

DHA might ameliorate asthma via inhibition of the IL-6/Stat3 pathway
--------------------------------------------------------------------

IL-6 stimulation could promote the pathologic effects of the Th17 cells, and Stat3 is an important transcriptional factor that facilitates the production of Th17 cell cytokines. OVA inducement enhanced the expression level of IL-6 protein ([Figure 3A](#f3-medscimonit-25-3804){ref-type="fig"}), but the level was significantly decreased by DHA treatment ([Figure 3A, 3B](#f3-medscimonit-25-3804){ref-type="fig"}). While the expression level of total Stat3 did not exhibit statistical difference among the 3 groups, phosphorylated Stat3 (Tyr705) increased in the model group and the augmentation was abolished by the addition of DHA ([Figure 3A, 3B](#f3-medscimonit-25-3804){ref-type="fig"}). To determine the role of DHA in Th17 cell differentiation and development, the transcriptional level variations were checked and the expression level of *il6*, *Tnfa*, *il17a*, *il17f*, and *il22* were significantly exaggerated under the OVA induction when compared to the control group, while DHA treatment significantly diminished the expression level ([Figure 3C](#f3-medscimonit-25-3804){ref-type="fig"}). Moreover, the expression level of *stat3* showed no statistical significance ([Figure 3C](#f3-medscimonit-25-3804){ref-type="fig"}). Th17 cells are important for autoimmune diseases, and the cytokines they secrete play critical roles in the pathologic processes of asthmatic lungs. The content of IL-17F, IL-17A, IL-22, IL-21, and GMCSF in BALF were determined by ELISA kits and were significantly improved in the model group mice ([Figure 3D](#f3-medscimonit-25-3804){ref-type="fig"}). However, the content of IFN-γ and IL-10 was significantly decreased after the use of OVA but was enhanced after the administration of DHA ([Figure 3D](#f3-medscimonit-25-3804){ref-type="fig"}). These results suggest that DHA may inhibit the Th17 cell response through the IL6/Stat3 pathway.

DHA inhibited the expression of miR-183C and Foxo1 pathway
----------------------------------------------------------

Recent studies have shown that the miR-183C and Foxo1 pathway interact with the IL-6 signaling pathway. The transcriptional levels of miR-183-5p, miR-96-5p, and miR-182-5p were significantly increased in OVA-induced asthmatic mice in our study ([Figure 4A](#f4-medscimonit-25-3804){ref-type="fig"}), but the expression levels of the miRNAs were significantly decreased after the administration of DHA ([Figure 4A](#f4-medscimonit-25-3804){ref-type="fig"}). Moreover, OVA exertion boosted the expression of *Rorc* and *il1r1*, while DHA injection diminished the difference ([Figure 4B](#f4-medscimonit-25-3804){ref-type="fig"}). The expression levels of the transcriptional factor Foxo1 were significantly decreased at both the transcriptional level ([Figure 4B](#f4-medscimonit-25-3804){ref-type="fig"}) and translational level ([Figure 4C](#f4-medscimonit-25-3804){ref-type="fig"}), and DHA injection enhanced the expression ([Figure 4D](#f4-medscimonit-25-3804){ref-type="fig"}). The results of luciferase assay revealed that miR-183C inhibited the transcriptional ability of Foxo1 and the function was significantly abolished by DHA ([Figure 4E](#f4-medscimonit-25-3804){ref-type="fig"}), but miR-183C showed no effect on mutant Foxo1 3′-UTR ([Figure 4E](#f4-medscimonit-25-3804){ref-type="fig"}). In summary, DHA administration almost inhibited the expression of miR183C and lowered the expression of *Rorc* and *il1r1*. In addition, Foxo1 was found to be critical in DHA function.

Discussion
==========

Allergic asthma is a kind of chronic, non-communicable disease in children and adults with high incidence, and the global prevalence in adults is 4.3% which means nearly 334 million people suffer around the world \[40\]. The highest prevalence is observed in developed countries (21% in Australia), while the lowest is in developing countries (0.2% in China) \[[@b41-medscimonit-25-3804]\]. The asthma burden tends to worsen the economic situation of asthma patients and public health funding. Corticosteroids are universally used as inhaled medication that lower mortality of patients. Although glucocorticoids have been documented to possess potent anti-inflammation and immunosuppression, the resistance profile and other adverse effects limit its long-term use. Whereas dihydroartemisinin (DHA), a semi-synthetic derivative of artemisinin that is extracted from the traditional Chinese herb *Artemisia annua L*., has been shown to ameliorate inflammation in experimental autoimmune encephalomyelitis mice by its reciprocal regulation on Th and Treg cell function via attenuating the mTOR pathway \[[@b42-medscimonit-25-3804]\]. Especially, US Patent (2012/0015922) demonstrated that artemisinin derivatives exhibited a pivotal role in treating asthma and chronic obstructive pulmonary disease (COPD). Another report showed that DHA suppressed ovalbumin (OVA)-induced airway inflammation in an allergic asthma mouse model by inhibiting the phosphorylation level of the extracellular signal-regulated protein kinase (ERK) and p38 mitogen-activated protein kinase, and also prohibited the activity of NF-κB \[[@b43-medscimonit-25-3804]\]. However, the precise underlying mechanism that is critical for the function of DHA on anti-inflammation in murine models is still unknown.

In the current research, the effectiveness of DHA for control of chronic inflammation in an OVA-induced asthma mouse model and related inflammatory factors was evaluated. OVA injection and inhalation drastically decreased the body weight of mice in the model group when compared to the control group mice. DHA introduction significantly regained the body weight when compared to mice in the model group ([Figure 1A](#f1-medscimonit-25-3804){ref-type="fig"}). Meanwhile, administration of DHA significantly reversed the morbid elevation of the lung/body weight ratio which was mainly due to the decrease in body weight loss ([Figure 1B](#f1-medscimonit-25-3804){ref-type="fig"}). Mice treated with DHA survived more than those in the model group, which might be because of a systematic enhancement of their body condition ([Figures 1C](#f1-medscimonit-25-3804){ref-type="fig"}, [2A](#f2-medscimonit-25-3804){ref-type="fig"}). Previous studies revealed that infiltrated inflammatory cells and secreted cytotoxic proteins might account for the severity of allergic asthma \[[@b44-medscimonit-25-3804]\]. Certain immune cells, such as neutrophils, lymphocytes, monocytes, eosinophils, and basophils, were significantly reduced in BALF with DHA administration, as well as reduced in lung tissue ([Figures 1D](#f1-medscimonit-25-3804){ref-type="fig"}, [2C](#f2-medscimonit-25-3804){ref-type="fig"}). In addition, DHA alleviated the pathology of the OVA-induced lungs and also partially recovered lung function, as shown by decreased airway resistance index (RI) and increased dynamic compliance (Cdyn) ([Figure 1E, 1F](#f1-medscimonit-25-3804){ref-type="fig"}). The results in our study might hint at an obvious infiltration of inflammatory cells in lung tissue that was attenuated by treatment with DHA.

Naïve CD4^+^ T cells are activated when challenged by antigens and thus regulate the adaptive immune response \[[@b45-medscimonit-25-3804]\]. Numerous reports have confirmed a correlation between Th17 cells and asthmatic inflammation. Together with their own secreted cytokines IL-17A, IL-17F, and IL-22, Th17 cells are involved in many biological processes such as autoimmune diseases and host versus extracellular microbiota \[[@b46-medscimonit-25-3804]\]. Studies have suggested that various induction conditions might be responsible for the difference of pathogenicity of Th17 cells. Many more pathogenic Th17 cells were observed in the differentiation system containing IL-1β, IL-6, and IL-23 when compared to compartment conditions that included TGF-β and IL-6 \[[@b47-medscimonit-25-3804]\]. In the present study, cytokines related to Th17 cells were significantly increased in the BALF in OVA challenged mice but were reversed by administration of DHA ([Figure 2C](#f2-medscimonit-25-3804){ref-type="fig"}). The drastically enhanced concentration of cytokine IL-17 indicates there is a special impact of Th17 cells in the process. Since the fraction of Th17 cells was significantly decreased by treatment with DHA, a conclusion can be deduced that these cells might be responsible for the pathogenicity of the lung tissues ([Figure 2D, 2E](#f2-medscimonit-25-3804){ref-type="fig"}). Our results showed that Th17 cell differentiation was negatively regulated by many transcription factors, for example, the signal transducer and activator of transcription 3 (Stat3). Taken together, the translational level of total and phosphorylated Stat3 (Tyr705) and IL-6 were examined in our study ([Figure 3A, 3B](#f3-medscimonit-25-3804){ref-type="fig"}). Combined with both the transcriptional variation and cytokine alteration in the BALF, the IL-6 signaling pathway may take part in the Th17 cell differentiation ([Figure 3C, 3D](#f3-medscimonit-25-3804){ref-type="fig"}).

The synergistic expression pattern of miR-183, miR-96, and miR-182 led us to investigate their function in asthma development and recovery ([Figure 4A](#f4-medscimonit-25-3804){ref-type="fig"}). There are 4 members in the Foxo family, including Foxo1, Foxo3, Foxo4, and Foxo6, and they have been reported to combine with the same motif sequence but with different biological roles. Foxo1 was identified as a major regulator in Th17 cell differentiation and activation. Reports have suggested that miR-183C targets all Foxo transcription factors in Th17 and Treg cell differentiation \[[@b48-medscimonit-25-3804]\]. The variation of Foxo1 was checked in this study and the results implied certain functions related to DHA treatment ([Figure 4C, 4D](#f4-medscimonit-25-3804){ref-type="fig"}) \[[@b49-medscimonit-25-3804]\]. The ability of miR-183C to inhibit Foxo1 was partially abolished by the addition of DHA, while no obvious difference was recorded with the mutant Foxo1 fragment. Collectively, Foxo1 participates in the functional regulation of the Th17 mediated immune response by miR-183C. Therefore, further assessment on the specific mechanism of the regulation between Foxo1 and miR-183C should be based on genetically modified animal models.

Conclusions
===========

Our data suggests that DHA administration attenuates the immune response of the OVA-induced allergic asthma mouse model. In addition, the demonstrated reversal ability might rely on the regulation of the expression of miR-183C, and might be sequentially influenced by the transcriptional activity of Foxo1. Moreover, additional investigations and clinical studies are still needed to verify these effects.

**Source of support:** Departmental sources

![Administration of DHA improves the systematic conditions of OVA-induced asthma. (**A**) Body weight of mice in the Control, Model, and DHA groups during the induction and treatment period. (**B**) The ratio of lung and body weight of mice in the 3 groups (n=10). (**C**) Survival rate of mice in the 3 groups (n=15). (**D**) Cell count in BALF (n=4). (**E**) Resistance index (RI) and (**F**) dynamic compliance to double multiplication concentration of methacholine (3.125, 6.25, 12.5, 25, and 50 mg/mL) and PBS were measured (n=10). \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001. DHA -- dihydroartemisinin; OVA -- ovalbumin; BALF -- bronchoalveolar lavage fluid; PBS -- phosphate-buffered saline.](medscimonit-25-3804-g001){#f1-medscimonit-25-3804}

![DHA treatment ameliorates lung function and inflammation by lowering Th17 cytokine secretion and cells in BALF. (**A**) Micrographs of H&E staining of lung tissue sections (200× magnification, scale bar=50 μm, n=5). (**B**) Statistics for inflammation score of 2A. (**C**) Micrographs of PAS staining of lung tissue sections (200× magnification, scale bar=50 μm, n=5). (**D**) Statistics for degree of mucus accumulation \[PAS+ area (μm 2) divided by the length of basement membrane (μm)\] of 2C. (**E**) Inflammatory cytokine (IL-17, IL-10, IL-1β, and TNFα) changes in BALF in the Control, Model, and DHA group mice by ELISA (n=7). (**F**) Representative density plots of CD4+IL-17+ cells in BALF are shown (n=5). (**G**) Relative ratio of CD4+IL-17+ cells in 2D.\* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001. BALF -- bronchoalveolar lavage fluid; H&E -- hemotoxin and eosin; PAS -- periodic acid-Schiff; DHA -- dihydroartemisinin; OVA -- ovalbumin.](medscimonit-25-3804-g002){#f2-medscimonit-25-3804}

![DHA inhibits the IL-6/Stat3 pathway in OVA-induced asthmatic mice. (**A**) Protein expression of IL-6, total Stat3, and p-Stat3 (Tyr705) in lung tissues (n=5). (**B**) Relative band intensity of IL-6, T-Stat3, and p-Stat3 (Tyr705) in 3A. (**C**) Expression of inflammatory factors (*il6*, *il10*, *tnf*, *il17a*, *il17f*, *il22*) and transcription factor Stat3 in lung tissues were measured by qRT-PCR (n=7). (**D**) Cytokines in BALF (IFN-γ, IL-17F, IL-17A, IL-22, IL-10, Il-21, and GM-CSF) were measured by ELISA (n=7). \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001. DHA -- dihydroartemisinin; OVA -- ovalbumin; qRT-PCR -- quantitative real-time polymerase chain reaction; ELISA -- enzyme-linked immunosorbent assay.](medscimonit-25-3804-g003){#f3-medscimonit-25-3804}

![DHA inhibits the expression of miR-183C and Foxo1 pathway. (**A**) The expression of mir-183-5p, mir-96-5p, and mir-182-5p in the lungs of the treatment groups (n=7). (**B**) The expression of rorc, foxo1 and il1r1in the lungs of treated mice were checked by qRT-PCR (n=7). (**C**) Protein expression of Foxo1 in lungs was determined by western blot (n=5). (**D**) Band intensity of Foxo1 in 4C. (**E**) Luciferase assay for the DHA regulation on Foxo1 transcription by targeting miR-183C (n=7). \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001. DHA -- dihydroartemisinin; qRT-PCR -- quantitative real-time polymerase chain reaction.](medscimonit-25-3804-g004){#f4-medscimonit-25-3804}
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